ABSTRACT: Failure to thrive (FTT) is a term used to describe inadequate growth in infants. The immediate cause is undernutrition. Ghrelin is a potent orexigenic hormone that induces a positive energy balance and enhances appetite. There is no information regarding the possible role of ghrelin in infants with FTT. The aim of this study was 2-fold: 1) to examine circulating ghrelin levels in FTT infants, compared with those of normally growing infants; and 2) to evaluate appetitive behaviors in the two groups. Plasma acylated and total ghrelin concentrations were measured in nine FTT and five normally growing infants (age range, 9 -18 mo). Appetite was assessed using three novel appetite measures. Both acylated and total ghrelin levels were significantly elevated in FTT infants compared with controls (p ϭ 0.03 or less). Infants with FTT scored significantly lower than control infants on all appetite measures (p ϭ 0.002 or less). Ghrelin levels were inversely related to appetite, weight velocity, weight/ length z-scores, and weight z-score. These findings provide the first evidence that infants with FTT have higher circulating ghrelin concentrations but paradoxically lower appetite scores. Increased ghrelin secretion may reflect an adaptive mechanism attempting to increase appetite and preserve energy balance in response to poor nutritional state. (Pediatr Res 65: 569-573, 2009) 
F ailure to thrive (FTT) in infancy occurs when an infant's weight gain deviates at least two major percentiles downward on a standardized growth chart, crossing below the 5th percentile (1) . The immediate cause of this pediatric condition is undernutrition, which may be secondary to medical causes (2) or to the infant's inability or unwillingness to ingest an adequate amount of nutrients (3). Undernutrition need not be severe or prolonged to produce behavioral changes in young children (4) and, when prolonged, it may influence brain development and produce cognitive, motor, and neurologic deficits during the critical period of rapid brain growth (5) . In the absence of medical disorders to explain undernutrition in infants with FTT, parenting behaviors have been associated with the infant's poor growth (see 6 for review). However, the possibility that FTT may involve an underlying appetite problem has been given little attention until recently. Wright and Birks (7) reported that children with FTT were described by their parents as being uninterested in food and as poor or variable eaters. Clinical signs of low appetite have also been previously reported by us (3); however, systematic assessment of appetitive behaviors and their possible underlying hormonal correlates have not been documented in infants with FTT.
Ghrelin is a potent orexigenic hormone and growth hormone (GH) secretagogue that is predominantly produced in the stomach but is also present in the hypothalamic arcuate nucleus (8, 9) . It is a novel 28-amino acid peptide that circulates in two major forms: n-octanoylated ghrelin, in which a hydroxyl group at its serine 3 residue is acylated by n-octanoic acid, and nonacylated (des-acyl) ghrelin; acylation seems to be essential for ghrelin's biologic activities (10) . Ghrelin strongly stimulates GH release in both animals (8, 11) and humans (12) and induces a positive energy balance leading to body weight gain (13) independent of its GH-releasing activity. In humans, exogenous ghrelin enhances appetite and increases subjective hunger/food intake in healthy individuals (14) . A preprandial rise of human plasma ghrelin suggests a possible role of ghrelin as a hunger signal triggering meal initiation (15) , and studies in patients with different eating disorders show that circulating ghrelin levels are perturbed in anorexia nervosa (16) , bulimia (17) and obesity (18) . An inverse relationship between ghrelin concentration and weight gain has also been documented in healthy term infants (19) .
Although evidence supports the notion that ghrelin may serve as an important modulator of appetite in animals and human adults there is no report, to our knowledge, regarding the possible role of ghrelin in infants with FTT. Circulating ghrelin levels and their relationship with appetite have yet to be documented in FTT infants. Although visual analogue scales and questionnaires have been used to measure appetite in adults (14) and adolescents (20) , to date there is no reported measure of appetitive behaviors in preverbal infants. There-fore, the aims of this study were 1) to investigate circulating ghrelin levels, both the acylated and total forms, in infants with FTT compared with those of normally growing infants and 2) to assess appetitive behaviors in the two groups using a newly developed appetite measure. The relationships between appetite levels, ghrelin concentrations, anthropometric and hormonal growth-promoting parameters (GH and IGF-1) were also examined.
METHODS

Subjects.
The study included nine infants with FTT (all crossed at least two major percentiles on the standardized CDC/NCHS 2000 growth chart over at least three consecutive months and at the time of assessment were under the 5th percentile) and five comparison infants with normal growth (all growing steadily with weight above the 50th percentile on the growth chart during a 3-mo period). Infants with FTT and two comparison infants were recruited from the Failure to Thrive and Feeding Disorders (FTT/FD) Clinic of the Montreal Children's Hospital. Subjects with FTT were referred by their pediatricians for poor weight gain and suspected inadequate food intake; the infants with normal growth were referred for minor sensitivities to highertextured foods. None of the nine FTT infants enrolled in the study had a medical condition to explain their poor growth. The two comparison infants with normal growth were also without medical condition; their minor sensitivities to food textures resulted from inexperience with higher-textured foods. Three other comparison infants with normal growth were recruited from the Endocrinology Clinic of the same hospital. These infants had a history of congenital hypothyroidism and were treated with L-thyroxine; all three were euthyroid for at least 8 mo before study. Several reports have shown that once hypothyroidism is treated, circulating ghrelin levels do not differ from those of healthy controls (21) . All infants had regular weight monitoring by their pediatricians and there was no significant difference in weight z-scores between control infants recruited from the two different clinics. At the time of assessment, infants with FTT were between 10 and 15 mo of age and normally growing infants were between 9 and 18 mo. The Institutional Review Board of the Montreal Children's Hospital approved the study protocol and written informed consent was obtained from all parents.
Procedure. All families underwent a semistructured clinical interview where anthropometric measures and a detailed developmental and feeding history were obtained. Before the interview, parents completed a feeding scale [The Montreal Children's Hospital Feeding Scale (MCH-FS), see later] and a general background information questionnaire. Parents and their infants were observed during a meal in the clinic. All medical charts were reviewed by the clinic pediatrician. Participants recruited through the FTT/FD Clinic returned within 1 wk after the initial assessment to have blood samples collected. For subjects recruited through the Endocrinology Clinic, blood was obtained as part of the routine blood work that included a complete blood count and an electrolyte panel. Parents were asked to refrain from feeding their child at least 3 h before the blood collection. As six of the 14 infants were still breast-fed (or breast and bottle-fed) in addition to solid food, caloric intake could not be calculated. The technician collecting the blood samples and measuring ghrelin levels was unaware of the grouping of the infants.
Appetite measures. Three sources were used for assessing appetitive behaviors in infants:
The Montreal Children's Hospital Feeding Scale. This is a 14-item parent-report instrument where each appetite-related item is rated on a Likert scale from 1 to 7 (see Supplemental Questionnaire). Three items in this scale reflect infants' appetite: item no. 3 (how much appetite does your child have?), no. 4 (when does your child start refusing to eat during mealtimes?), and no. 9 (do you have to follow your child around or use distractions so that your child will eat?). The mean score of the three items for each subject ranged from 1 to 7. The MCH-FS has been validated on a general pediatric population in the community (n ϭ 200) and a referred clinic population (n ϭ 180). The results indicated excellent discriminate validity (p Ͻ 0.001) and test-retest reliability for the individual items (r ϭ 0.76 -0.97).
Appetite History Scale. The Appetite History Scale covers the period from birth to 2 y and includes four appetitive behaviors: signaling hunger, consuming age-appropriate portions, concentrating during feeds, feeding in less than 30 min. These items were rated by parents as mostly absent (score 0) or mostly present (score 1), and weighted to give a total score from 0 to 7. The infant's recent appetitive behaviors (during 1-6 mo before assessment) were based on parental responses to questions by the interviewer. Validity of this scale was established in the clinic on 10 children growing normally and 22 children with FTT; the mean Ϯ SD score was 6.30 Ϯ 1.35 for the normally growing infants and 1.05 Ϯ 1.70 for infants with FTT, at p ϭ 0.0001 level.
Observed Feeding Behaviors Scale. The observed feeding behaviors in the clinic at the beginning (5-10 min) of a meal with preferred food after at least 3 h of food deprivation were scored as either 1 (problematic feeder), 2 (passive feeder), or 3 (active feeder). Observer interrater reliability of r ϭ 1.0 has been established on 20 subjects in the clinic.
An overall Appetite Composite Score (ACS) was derived for each subject by summing their scores obtained on the above three measures. The ACS ranged from 2 to 17.
Plasma collection. All blood collections took place between 0900 and 1200 h; the times of blood collection were similar in FTT and comparison infants. Approximately 3 mL of blood were obtained from each patient through venipuncture and collected in Vacutainer tubes (Becton Dickinson) containing potassium EDTA. The blood samples were immediately stored on ice until they were centrifuged at 4°C for 20 min at 1200 ϫ g. Plasma was separated and divided into two aliquots: the aliquot for subsequent ghrelin measurement was treated with 1N HCl (50 L/mL of plasma) and 10 mg/mL phenylmethylsulfonyl fluoride (PMSF) dissolved in isopropanol (10 L/mL of plasma) to preserve the octanoyl moiety on ghrelin, as recommended by the manufacturer of the ghrelin assay kits (Linco Research, St. Louis, MI). The acidified plasma was stored at Ϫ80°C for subsequent assay of total and acylated ghrelin. The other aliquot was stored at Ϫ80°C for subsequent assay of GH and IGF-1.
Assays. Plasma ghrelin concentrations were measured in duplicate using two commercially available double antibody RIAs (Linco Research, St. Louis, MI; catalogue numbers: GHRA-88HK and GHRT-89HK) that distinguish the intact octanoylated (active) from nonoctanoylated ghrelin. The antiserum used in the active RIA specifically recognizes acylated ghrelin (ghrelin 1-10), but does not recognize des-acyl ghrelin or the ghrelin 14 -28 fragment, whereas the antiserum used in the second assay equally recognizes acylated and des-acyl ghrelin (i.e. total). Neither antiserum exhibits significant crossreactivity with other peptides, including leptin, insulin, glucagon, and motilinrelated peptide. The minimum detectable levels of acylated and total ghrelin were 10 pg/mL and 100 pg/mL, respectively. In both assays, the intra and interassay variations were less than 10% and 17%, respectively. To minimize variability, all samples for acylated and total ghrelin were measured in single assays, respectively.
Plasma GH and IGF-1 concentrations were measured in duplicate by double antibody RIA (22) using materials supplied by the NIDDK Hormone Distribution Program (Bethesda, MD). The averaged plasma GH values are reported in terms of the human GH reference preparation (hGH-RP-1). The standard curve was linear between 1.0 and 100 ng/mL. The intra and interassay coefficients of variation were 5.1% and 8.9%, respectively. The averaged plasma IGF-1 values are reported in terms of the human IGF-1 reference preparation (Lot # 01). The standard curve was linear between 0.2 and 25 ng/mL. The intra and interassay coefficients of variation were 12.8% and 17.9%, respectively. All samples for GH and IGF-1 were measured in single assays, respectively. Data analyses. Ponderal Index for birth weight was calculated for each subject using the following formula: weight (g)/length (cm 2 ) ϫ 100. Weight, length, and weight/length z-scores were calculated using the nutrition program of EpiInfo version 3.3.2. For each subject, multiple body weight measures were obtained from the health book records kept by their pediatrician. Starting at 6 mo of age and until the time of assessment, these measures were regressed against age using a logarithmic model to account for the nonlinear growth in that age range. The weight velocity reported represents the coefficient of the age variable in the regression equations generated. All logarithmic regressions were done using MS-Excel. Lillifore's test was used to verify the normality of all continuous variables. Statistical comparisons between the groups were performed using t tests for normally distributed variables and Mann-Whitney U-tests for nonnormally distributed variables. The Pearson product-moment correlation coefficient was used to evaluate the degree of relation among the various continuous variables. Results are expressed as the mean Ϯ SE; p Ͻ 0.05 was considered significant. SYSTAT 9 and SigmaPlot 8 were used for statistical analyses and data presentation, respectively. The observed power of the various statistical tests was calculated using SigmaStat 3.5 and ranged between 0.73 and 1.00.
RESULTS
Subjects.
The characteristics of the participants are described in Table 1 . There were no significant differences between infants with FTT and controls in gestational age, birth weight, Ponderal Index at birth, or in their age at the time of the study. However, by 6 mo of age, infants in the FTT group already had lower weight z-scores than their comparison infants and, at the time of assessment, weight, height, and weight/height z-scores of the FTT group were severely decreased compared with the normally growing control group (Table 1) . Infants in the FTT group gained weight at a 2-to 3-fold slower rate than controls in the period ranging from 6 mo of age until assessment date (mean weight velocity: 1.49 Ϯ 0.07 vs. 3.85 Ϯ 0.43 kg/ln mo; p Ͻ 0.0001). All infants in this study had age-appropriate developmental skills and no psychosocial issues were detected during the initial assessment. For all infants with FTT, the standard nutritional panel and complete blood count were within normal limits, and thus no further medical investigations were deemed necessary.
Appetite scores. Infants with FTT scored significantly lower (2-to 15-fold) than normally growing control infants on all three measures used to assess appetite (Fig. 1) . The mean ACS of the FTT group at time of assessment was 3-to 4-fold lower compared with that observed in control infants (p Ͻ 0.002). Of interest, the mean score on the Appetite History Scale from birth to 6 mo for infants with FTT was already significantly lower than that for their comparison group (1.67 vs. 7.00; p Ͻ 0.0001).
Acylated and total plasma ghrelin concentrations. Figure 2 illustrates the mean plasma total and acylated ghrelin concentrations in infants with FTT compared with controls. Both acylated and total ghrelin levels were significantly elevated in FTT subjects compared with those observed in normally growing control infants (acylated: 396 Ϯ 45 vs. 248 Ϯ 39 pg/mL; p ϭ 0.012; total: 2469 Ϯ 149 vs. 1812 Ϯ 125 pg/mL; p ϭ 0.038). Acylated ghrelin concentrations comprised approximately 13-17% of total circulating ghrelin in the two groups. The ratio of acylated to total ghrelin was somewhat higher in FTT infants compared with controls (17.5 Ϯ 1.4% vs. 13.4 Ϯ 1.3%), but this difference did not reach significance.
Plasma GH and IGF-1 levels. Mean plasma GH levels in infants with FTT (5.5 Ϯ 1.3 ng/mL) were not significantly different (p ϭ 0.99) from those observed in control subjects (5.4 Ϯ 2.6 ng/mL). Although mean plasma IGF-1 levels were lower in FTT infants than in comparison infants, no significant difference was identified (33.0 Ϯ 10.5 vs. 47.1 Ϯ 21.3 ng/mL; p ϭ 0.53).
Relationships between ghrelin, appetite, anthropometric, and hormonal measures. Table 2 summarizes the associations between hormones, appetite, and anthropometric parameters. The two forms of ghrelin were strongly positively associated (p Ͻ 0.0001). Total ghrelin levels were inversely related to both ACS and weight/length z-score, as well as weight velocity and weight z-score. Acylated ghrelin levels were negatively correlated with both appetite measures and weight velocity. No significant correlations were noted between either total or acylated ghrelin values and age, gender or feeding mode, as well as GH or IGF-1 levels. A strong positive correlation was observed between GH and IGF-1 (r ϭ 0.74, p Ͻ 0.006), whereas no significant associations were found between GH and IGF-1 and all other parameters. A strong positive relationship was noted among the three appetite measures (r ϭ 0.72-0.94, p Ͻ 0.003 or less). Weight velocity was positively related to both ACS (r ϭ 0.89, p Ͻ 0.0001) and weight/length z-scores (r ϭ 0.85, p Ͻ 0.0001).
DISCUSSION
This study is the first to demonstrate that infants with FTT have significantly higher circulating levels of both acylated and total ghrelin than normally growing control infants. Furthermore, the results reported here provide the first evidence that both forms of ghrelin are inversely correlated with appetite in this pediatric age group (under 2 y of age). The finding of elevated ghrelin concentrations in infants with FTT provides additional support for the concept that circulating ghrelin levels may be a reliable marker of nutritional status (23) . In our study, the nutritional states of infants in both groups were similar at birth, as indicated by their Ponderal Index; however, infants in the FTT group progressively failed to gain weight age-appropriately, particularly from 6 mo of age, resulting in their malnutritioned state at the time of assessment, as evidenced by their markedly lower anthropometric scores when compared with the group displaying normal growth. Ghrelin concentrations were found to be inversely correlated with several growth-related anthropometric measures, including weight velocity and weight/length z-scores. These findings are consistent with previous studies showing elevated umbilical cord and blood ghrelin concentrations in neonates who were small for their gestational age and thus were in a state of undernutrition compared with neonates who were appropriate for gestational age or large for gestational age (24, 25) .They are also in accord with observations in adolescents and young adults exhibiting anorexia nervosa reflecting a state of negative energy balance (16, 20) .
We originally hypothesized that ghrelin levels may be altered in children with FTT and a history of poor appetite, thereby pointing to a possible role for ghrelin in the etiology of this disorder. Our finding, however, of elevated (rather than reduced) plasma levels of both acylated and total ghrelin makes it unlikely that alterations in ghrelin secretion are directly responsible for the pathogenesis of FTT. Although ghrelin does not seem to play a causative role in FTT, increased bioactive ghrelin secretion in FTT infants may reflect an adaptive mechanism signaling the hypothalamus to increase appetite and preserve energy balance in response to their poor nutritional state. These patients with poor appetite, however, appear to be insensitive to the orexigenic actions of ghrelin. Desensitization of the hypothalamic ghrelin receptor, GHS-R, implicated in the control of food intake could explain in part the paradoxical response of increased ghrelin and decreased feeding leading to a malnutritioned state in FTT. Indeed, prolonged exposure to hyperghrelinemia in patients with anorexia nervosa has been reported to result in a blunted response to the actions of exogenous ghrelin (26) . Moreover, both ghrelin receptor mRNA levels (27) and ghrelin gene expression and peptide content (9) in hypothalamus were shown to be markedly altered in response to perturbed nutritional states such as fasting. Further study will be required to address the issue of ghrelin receptor(s) sensitivity mechanisms in the hypothalamus as a possible mechanism underlying the poor appetite in FTT.
This study is the first to report a systematic evaluation of appetite in nonverbal infants under 2 y of age using maternal report of appetitive behaviors combined with observed feeding behaviors during a mealtime. As there are no known objective assessment tools available for those who cannot communicate their hunger verbally, the present ACS is a unique and, to the best of our knowledge, the only known attempt to identify appetite levels in infants. Although an important limitation of this study is the small number of infants investigated, the ability to detect significant differences despite the small sample size further supports the magnitude of the findings. The difficulty in studying appetitive behaviors in this young age group should also be recognized. Although we used parental report of infant appetitive behaviors, the inclusion of two forms of parental report as well as observation of feeding behaviors by a clinician likely mitigated possible recall bias, particularly because the three forms of appetite assessment correlated very highly.
Our data showed an inverse relationship between appetite and circulating ghrelin concentrations. At the time of assessment, appetite scores were markedly lower (2-to 15-fold) in the FTT group compared with their normally growing controls on all three measures, suggesting that low appetite is one of the characteristics of the FTT group. Of interest, although the levels of appetite in FTT infants were consistently lower than in the comparison group since birth, as reported by parents in the Appetite History Scale, their weights at birth were similar but by 6 mo were somewhat lower than in control infants and significantly lower at the time of assessment. These results suggest that poor appetite likely predates the malnutritioned state in infants with FTT. Although Wren et al. (6) have shown that ghrelin infusion stimulated appetite and increased food intake in normal human subjects, it is unlikely, based on the results of the present study, that increasing an already high plasma ghrelin level by giving ghrelin exogenously will have orexigenic effects in infants with FTT. Indeed, ghrelin infusions in patients with anorexia nervosa did not affect appetite (28) . Plasma GH and IGF-1 levels in infants with FTT were not significantly different from normally growing infants. In this regard, it should be noted that a single blood sample may not accurately reflect GH status; however, frequent blood sampling could not be performed because of sampling volume constraints in this pediatric age group. Although IGF-1 levels were lower in the FTT group compared with controls, consistent with IGF-1 being diminished in malnourished states (22) , this difference did not attain significance. This finding is similar to that previously reported in young children with nonorganic FTT (29) . We also did not observe any significant correlations between plasma acylated or total ghrelin and GH or IGF-1 levels. This lack of relationship between ghrelin and GH/IGF-1 is in agreement with several other studies (30, 31) suggesting that ghrelin's primary role may be in regulating energy homeostasis with only an ancillary role as a GH secretagogue.
In summary, our results demonstrate that both acylated and total plasma ghrelin concentrations are significantly elevated in infants with FTT and low appetite, compared with infants displaying normal growth. They further show that circulating ghrelin levels are inversely correlated with appetite and growth-related anthropometric measures but are not associated with either GH or IGF-1 levels. Measured appetitive behaviors discriminate between infants with FTT and those growing normally as early as 3-6 mo before their diagnosis of FTT, suggesting that appetitive behaviors contribute to inadequate intake and poor growth in this population. Increased ghrelin secretion in FTT infants may reflect an adaptive mechanism by their body attempting to increase appetite and preserve positive energy balance in response to poor nutritional status; such hyperghrelinemia could lead to desensitization of the hypothalamic GHS-R receptor(s) implicated in the control of food intake. An additional study with a larger number of infants will be needed to confirm these findings.
